t e c h n i c a l r e p o r t s Coagulase-positive Staphylococcus aureus (S. aureus) is the major causal pathogen of acute endocarditis, a rapidly progressing, destructive infection of the heart valves. Bacterial colonization occurs at sites of endothelial damage, where, together with fibrin and platelets, the bacteria initiate the formation of abnormal growths known as vegetations. Here we report that an engineered analog of prothrombin could be used to detect S. aureus in endocarditic vegetations via noninvasive fluorescence or positron emission tomography (PET) imaging. These prothrombin derivatives bound staphylocoagulase and intercalated into growing bacterial vegetations. We also present evidence for bacterial quorum sensing in the regulation of staphylocoagulase expression by S. aureus. Staphylocoagulase expression was limited to the growing edge of mature vegetations, where it was exposed to the host and co-localized with the imaging probe. When endocarditis was induced with an S. aureus strain with genetic deletion of coagulases, survival of mice improved, highlighting the role of staphylocoagulase as a virulence factor.
The majority of life-threatening acute endocarditis cases are caused by coagulase-positive S. aureus infections. Owing to its high mortality (25-47%), there is an urgent clinical need to diagnose S. aureus endocarditis early and reliably [1] [2] [3] [4] [5] . However, the clinical diagnosis of endocarditis has remained difficult and primarily relies on unspecific signs such as the occurrence of a new heart murmur, fever and the detection of circulating bacteria in blood cultures. In this study, we demonstrate the efficacy of targeted imaging strategies for the specific detection of S. aureus in vivo. In so doing, we also provide new insight into the role and molecular topography of staphylocoagulase. Our strategy was to tag prothrombin and track its deposition at infection sites, essentially exploiting S. aureus's ability to clot human blood 6 to evade immune clearance. Staphylocoagulase binds prothrombin with high affinity (K d ~17-72 pM) 7 , activates prothrombin through a conformation change 8 and forms an active staphylocoagulaseprothrombin complex that has all the fibrinogen-clotting abilities of thrombin but is impervious to physiologic thrombin inhibitors 7,9 . Here we determined that staphylocoagulase uses a tethering mechanism to facilitate localization of protease activity to the fibrin-rich vegetations. The systemic application of prothrombin analogs as imaging probes allowed staphylocoagulase to capture the circulating agent via high affinity prothrombin binding.
RESULTS

Localization of staphylocoagulase in vegetations
To determine the expression pattern of staphylocoagulase in a vegetation, we established a mouse model of S. aureus endocarditis that featured aortic valve bacterial vegetations ( Supplementary Fig. 1 and  Fig. 1a -c) resembling those in humans. Our method for imaging staphylocoagulase-dependent prothrombin recruitment to the S. aureus vegetation relied on the activation of prothrombin by staphylocoagulase, which simultaneously tethers the active staphylocoagulase-(pro)thrombin complex to fibrin(ogen)-rich vegetations (Fig. 1d) . We used a human prothrombin analog in which the active site was modified by a thrombin inhibitor with a protected thiol group. This prothrombin analog was then deprotected and reacted with a thiol-specific Alexa Fluor 680 dye (AF680-ProT). Injection of AF680-ProT into mice with S. aureus endocarditis resulted in its deposition into the vegetation (Fig. 1e,f and Supplementary Fig. 1d,e ). This observation was consistent across cohorts infected with different strains of S. aureus (Tager 104, Xen29 and Xen8.1) but not in mice infected with coagulase-negative Staphylococcus epidermidis or in mice without bacteremia ( Fig. 1f ).
In vivo detection of Staphylococcus aureus endocarditis by targeting pathogen-specific prothrombin activation
Although bacteria were present throughout the vegetations, immunoreactive staining for staphylocoagulase and von Willebrand factor-binding protein (vWbp), a staphylocoagulase-like prothrombin activator 10 , was limited to the periphery (Fig. 1g,h and data not shown). This pattern was also seen using in situ hybridization with antisense staphylocoagulase RNA ( Fig. 1i and Supplementary  Fig. 2 ). AF680-ProT deposition co-localized with staphylocoagulase production at the interface of the vegetations with the host's circulation ( Fig. 1j) . Together, these findings imply that the location of staphylocoagulase is governed by its expression site rather than by redistribution after secretion. The topography of staphylocoagulase location and activity at the leading edge of vegetations may be caused by differential expression of staphylocoagulase during vegetation development; as in younger lesions with lower bacterial burden, the entire Staphylococcus population stained positive for staphylocoagulase ( Supplementary Fig. 3a,b ).
Staphylocoagulase-prothrombin tethering mechanism
To determine the molecular mechanism underlying prothrombin recruitment to vegetations, we performed in vitro native gel binding experiments using either the N-terminal active fragment, staphylocoagulase (1-325) or the full-length staphylocoagulase (1-660) S . e p id t e c h n i c a l r e p o r t s ( Fig. 2a for domain organization) . On incubation of these staphylocoagulase forms with prothrombin and fibrinogen fragment D (FragD), we found that staphylocoagulase (1-325) and prothrombin bound together but lacked the ability to interact with FragD ( Fig. 2b) . Staphylocoagulase (1-660), however, formed a staphylocoagulase-prothrombin-FragD ternary complex (Fig. 2c) .
The dimeric staphylocoagulase-prothrombin complex is thought to bind the central E domain of fibrinogen through interactions with the staphylocoagulase N-terminal domain 11 . It is also believed to simultaneously bind the D domains through seven 27-amino-acid C-terminal repeats present on staphylocoagulase. To understand better how AF680-ProT localizes in vivo through the binding of staphylocoagulase to FragD, we subjected mixtures of the two proteins to nondenaturing native-gel electrophoresis. During individual reactions, the staphylocoagulase concentration remained constant, whereas the FragD concentrations were increased. Notably, we observed excess FragD only after it reached a fivefold molar excess over staphylocoagulase, indicating that multiple FragD subunits interact with a single staphylocoagulase molecule (Fig. 2d) . It is therefore conceivable that staphylocoagulase, secreted during S. aureus infection, interacts with at least four fibrinogen or fibrin molecules per staphylocoagulase molecule to form a megaprotein complex. This would then act to anchor the active staphylocoagulase-prothrombin complex to the growing vegetation. Because the interaction of the C-terminal region of staphylocoagulase is distinct from that of the N-terminal prothrombin-binding domains, this megacomplex could also bind one prothrombin per staphylocoagulase, a possibility that is consistent with our results (Fig. 2b) . Direct evidence for the staphylocoagulase repeat binding to FragD was obtained in an experiment that used a recombinant fragment of staphylocoagulase that contained only the pseudorepeat and the first staphylocoagulase repeat (PR-R1; Fig. 2a ). Fluorescence equilibrium binding experiments showed that a fluorescein-labeled analog of PR-R1 (PR-R1[5F]) bound FragD with a K d of 36 ± 8 nM ( Fig. 2e) .
Detection and therapeutic monitoring of endocarditis
We next investigated the use of AF680-ProT to noninvasively detect S. aureus endocarditis. Repetitive blood sampling showed that AF680-ProT had a blood half-life of 79 ± 14 min. Using fluorescence molecular tomography fused to X-ray computed tomography (FMT-CT), we found high local concentrations of AF680-ProT in S. aureus-induced vegetations 24 h after injection of the probe (Fig. 3) . Subsequently, we investigated the ability of this approach to detect different S. aureus strains by inducing endocarditis using three strains that express staphylocoagulase (Tager 104, Xen29 and Xen8.1). FMT-CT revealed that the increased fluorescence signal originated from the left ventricular outflow tract and the ascending aorta and encompassed the vegetation in the aortic valve ( Fig. 3a-c) . We then compared the fluorescence concentration in the aortic outflow tract in mice with S. aureus-induced vegetations to that in mice without bacteremia and mice with S. epidermidis challenge ( Fig. 3d-f ). We found that there was a 20-to 28-fold higher signal associated with the pathogenic S. aureus strains.
To determine the specificity of AF680-ProT, we injected the probe into mice in which femoral artery thrombosis was induced by topical application of FeCl 3 (ref. 12) . We observed no accumulation of AF680-ProT (Supplementary Fig. 4 ). Next, we induced endocarditis with S. aureus strains that were deficient in both coagulases, staphylocoagulase and vWbp 13 . In mice infected with these bacteria, AF680-ProT concentration in vegetations was reduced to background levels (Fig. 4a-c) . Notably, we found improved survival in these mice ( Fig. 4d) , suggesting that the coagulases increase the virulence of S. aureus. Histology from mice infected with staphylocoagulase and vWbp double-knockout S. aureus showed leukocyte infiltration in the vegetations and an absence of the protective fibrin barrier (Supplementary Fig. 3c-f) , indicating an impaired ability of bacteria to evade the host defense. In an additional control group, five mice were infected with an S. aureus strain that only lacked staphylocoagulase; in vivo AF680-ProT concentration was reduced to 14% compared to mice that were infected with isogenic wild-type Newman strain bacteria (P < 0.0001).
We next tested whether AF680-ProT could monitor antibiotic therapy. FMT-CT imaging 48 h after infection showed that AF680-ProT was able to quantify the effects of vancomycin ( Supplementary  Fig. 5 ). Termination of therapy resulted in a reoccurrence of the infection and a high risk of mortality, similar to the relapse observed in some patients.
PET-CT detection of S. aureus endocarditis
To apply the targeting mechanism to clinical S. aureus detection, we designed a radiolabeled agent for PET imaging. The prothrombin analog was synthesized by alkylation of the free thiol with a maleimide derivative of a diethylenetriaminepentaacetic acid (DTPA) chelator and then reacted with the PET isotope copper-64 ( 64 Cu). A molecular model indicated that the chelator should have the required flexibility to interact with the metal (Fig. 5a,b) . The model indicates that the charged groups on three nearby loops would not affect 64 Cu(II) ion coordination, and this was confirmed by the high percentage of 64 Cu (89-95% molar ratio) incorporation by the DTPA-ProT recipient. PET-CT ( Fig. 5c-f ) showed a robust localization of 64 Cu-DTPA-ProT signal in vegetations, corroborated by ex vivo autoradiography ( Fig. 5g) . Presence of bacteria was confirmed by bioluminescence ( Fig. 5h) . In mice without bacterial injection, we did not observe accumulation of 64 Cu-DTPA-ProT at the site of endothelial trauma (Fig. 5i,j) .
Bioluminescence signal from luxA-E expressing S. aureus Xen8.1 (Fig. 5h) correlated to 64 Cu-DTPA-ProT accumulation (R 2 = 0.94, P < 0.01), suggesting that the in vivo PET signal reflects bacterial burden. Comparison of PET-CT imaging after injection of 64 Cu-DTPA-ProT or of 18 F-FDG-labeled leukocytes, a method that is clinically used to identify inflammatory foci 14 , showed a higher target to background ratio for 64 Cu-DTPA-ProT (Supplementary Fig. 6 ). Finally, in preliminary toxicity experiments, we did not observe signs of toxicity or clotting abnormalities (Supplementary Fig. 7) .
DISCUSSION
Detection and management of acute endocarditis remains a clinical challenge. Clinicians continue to lack a means of visualizing bacteria in situ and therefore currently rely on blood cultures for diagnosis. However, negative blood cultures do not rule out the presence of S. aureus in valvular vegetations. Here we present a molecular imaging strategy capable of detecting small amounts of S. aureus in endocarditic vegetations. The approach exploits a mechanism used by S. aureus to evade the host immune system, namely staphylocoagulase's ability to clot human plasma 9 locally and seal itself off from surveilling immune cells. Prothrombin analogs engineered with fluorescent or PET beacons allowed us to specifically detect S. aureus vegetation formation noninvasively and to monitor antibiotic therapy in mice with acute endocarditis. Furthermore, we showed that prothrombin localizes to growing vegetations via the bifunctional binding capability of staphylocoagulase, which anchored itself to the vegetation through binding multiple fibrin(ogen) D domains while concurrently snaring circulating prothrombin.
The ability for coagulase-positive S. aureus to initiate infection under flow conditions while simultaneously evading the host immune defense is a remarkable feat that is poorly understood. Our findings demonstrate that staphylocoagulase has a greater role in the development of vegetations than was previously appreciated [15] [16] [17] [18] . DTPA atoms are shown as color-coded spheres (carbon, green; oxygen, red; nitrogen, blue; sulfur, yellow; and copper, orange). The two views are related by a 90-degree rotation around the vertical axis. The DTPA moiety was essentially solvent exposed and moved freely within a region spanned by the 60-, 99-and 148-loops on Pre2. (c-f) Representative CT (c, long axis; d, short axis) and PET-CT images (e,f) after injection of 64 Cu-DTPA-ProT. The inserted suture is denoted by an arrow, the aortic valve by an asterisk. An arrowhead highlights the vegetation. (g-j) Autoradiography (g) and bioluminescence images (h) of excised aortas from a mouse that received 64 Cu-DTPA-ProT and S. aureus Xen8.1 and from a 'no bacteria' control (i,j). t e c h n i c a l r e p o r t s
We investigated the C-terminal repeat units of staphylocoagulase and found that staphylocoagulase uses these 27-amino-acid repeats to form a ternary complex with FragD and prothrombin. Binding of multiple fibrin(ogen) D domains to a single staphylocoagulase molecule may provide the necessary avidity for staphylocoagulase to withstand the shear stress exerted on a growing vegetation, given that a staphylocoagulase repeat has a K d of 36 ± 8 nM.
Early in vegetation development, staphylocoagulase was ubiquitously expressed throughout the vegetation. As the vegetation matured, however, staphylocoagulase expression at the core was lost. It was recently demonstrated that staphylocoagulase expression is directly repressed by the quorum sensing-controlled RNAIII, which (via direct binding to staphylocoagulase mRNA) arrests translation and facilitates degradation 19 . Our results are consistent with the notion that quorum sensing is responsible for regulating the staphylocoagulase mRNA signal, which would thus control staphylocoagulase-dependent prothrombin localization in developing vegetations. Improved understanding of the role of staphylocoagulase may provide alternative antibiotic drug targets, for instance disrupting growth of the vegetations and their ability to evade host immunity.
Previously proposed techniques for imaging endocarditis have generally lacked specificity for bacterial infection 14, [20] [21] [22] . The approach reported here focuses on detection of coagulase-positive S. aureus, the deadliest pathogen responsible for the majority of acute endocarditis cases. Although further studies are needed to explore translation to large animals and humans, the use of a pathogen-targeting PET tracer in humans would not only facilitate identification of S. aureus (essentially providing a method for 'in vivo blood cultures') but also could inform on the site, the bacterial load and the activity of the infection and thus guide antibiotic and surgical therapy.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
